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Abstract 

The processes of open and hidden charm production in NN collisions and of open 



charm production in 7iV collisions are studied. The near-threshold cross section 



is predicted and polarization phenomena are calculated in frame of an effective 
Lagrangian approach. 
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1 Introduction 



New experimental facilities, planned in the near future pQ, will be able to make detailed 
measurements of open charm production in pN, NA or AA collisions, in a wide energy 
region, starting from threshold. The upgraded machine at Jefferson Laboratory will open 
the possibility to produce charmed particles at threshold in photoproduction experiments 

m 

One can expect that the physics of close-to-threshold A c .D-production is similar to 
Af^-production and use SU(4) symmetry to make predictions in the charm sector. 

Few or no experimental data exist at threshold for open charm hadro and photo- 
Ph| production on the nucleon. More data exist for J/ty production, sometimes indirectly 
derived from nuclear reactions. 

The theoretical activity, for inclusive charm production, is mainly focused on QCD- 
inspired approaches, and it cannot be easily extrapolated to the threshold region. More- 
over exclusive processes cannot be described in QCD approaches without additional as- 
sumptions. For a reliable description of the overall charm dynamics in AA collisions, it 
is necessary to have a good parametrization of the elementary processes of open charm 
production in ttN and AW collisions. The parametrization of the energy behavior of 
the total cross section for different processes of D and .D-production for y/s > 10 GeV, 
generally used in simulation codes, cannot be applied near threshold as it violates the 
general threshold behavior for two or three particle production. 

In this contribution we present some of the results recently obtained for the processes 
N + N ^ A C (S C ) + D + AT J3], N + N — »• N + N + J/* [Zj in the threshold region 
and for 7 + A" — > A C (S C ) + D + N jH Ej. We derive, in model independent way, the 
spin structure of the matrix element for these processes. For quantitative predictions, we 
calculate the cross section and the polarization phenomena in the framework of a model 
based on meson exchanges in an effective Lagrangian (ELA) approach. ELA gives a very 
convenient frame for this study, as all the observables can be calculated with the help of 
few parameters, such as masses, coupling consants, and magnetic moments, which have a 
definite physical meaning. 
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2 Open charm production in NN collisions 



An important characteristic of the threshold AA-dynamics is the strong correlation be- 
tween the spin and isospin structures of the threshold matrix element for the A + iV — > 
A C (E C ) + D + A reactions. Using the isotopic invariance of the strong interaction and 
taking into account that I(E C ) = 1, 1(D) = 1/2, one can express the matrix element 
for the seven different processes A + A — > A C (S C ) + D + A, in terms of three (complex) 
isotopic amplitudes, A Ill2 , corresponding to the total isospin l\ for the initial nucleons 
and the total isospin I 2 for the produced DA-system: 

M( PP ^J:t + D_P) = A u +y/2A w , 

M(pp^Zt + p°n)= A n -y/2A w , 

M(pp^ZtD°p)= -V2A U , 

M{np^T 1 t + D_n)= A n +V2A 0U (1) 

M(np -> X c D°p) = -A u +V2A i, 

M(np^^D_V)= A w -Aq X , 

M(np^J:tD n)= -A 10 -Am, 

Generally, each isospin structure contains the contribution of all possible spins. However, 
the interferences An <8> ^oi anc ^ ^io ® ^oi' van ish in the threshold region (after summing 
over the polarizations of the colliding nucleons) and we can derive the following relations, 
between the differential cross sections, which hold for any model, at threshold: 

^-{np -> £++/rn) = ^(np^ Z°Wp), ^(np -> ^D'p) = ^(np -> S+D°n). 
duj did duj dcu 

Following the ideology of meson production in iViV-collisions, we calculate the cross 
section for NN collisions, in terms of D-meson exchange in t-channel, neglecting, as it 
was done for strange particle production, the light mesons exchange. The cross section 
can be expressed in terms of the isotopic amplitudes of elastic DN scattering, a (singlet) 
and a\ (triplet). Using isotopic invariance, one finds for the ratio IZd of the cross sections 
of A c D-production for np over pp collisions: 

= o(np -> A+g°n) = a(np -> A+D~p) = I ( og_\ 1 
D a(pp^A+D°p) a(pp^A+D°p) 4 \ 3aj) 4' {) 

where the index D underlines that this prediction is valid only in framework of D- 
exchange. These large isotopic effects can, in principle, be modified by initial (ISI) and 
final (FSI) state interaction. However, as the reaction threshold is quite large, one can 
assume that ISI are similar for np and pp. Moreover, assuming |ao/ai| — 0.1 as for elastic 
KN scattering, FSI would also be negligible. 

Based on phase space arguments, one can estimate the relative cross section of the 
processes p + p — > A+ + D° + p (D— exchange) and p + p — » A + K + + p (K— exchange). 
Charm production turns out to be lower by three order of magnitude than strange par- 
ticle production. This is mainly due to the difference in the reaction threshold and in 
the propagators, as well as to the necessary phenomenological form factors. Taking the 
experimental data on the total cross section for p + p —>■ A + K + + p 5J, one can predict 
the following energy dependence for the cross section of open charm production, valid 
near threshold: 

a(pp -> A+Wp) ~ 0.2(Q/0.1 GeV) 2 nb. (3) 
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In Fig. |21 a comparison between the calculations j3] (thick lines) and jH] (thin lines) is 
shown for D° production (solid lines) and for /^"-production (dashed lines). 
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Fig. 1 Comparison between the calculations 4 (thick 
lines) and |S] (thin lines) for D° production (solid 
lines) and for D~-production (dashed lines). 

3 J/ty production in NN collisions 



One can see that the values can 
differ by an order of magnitude. 
This comes from the fact that the 
correct Q-behavior at threshold, 
from phase space considerations, 
should be quadratic, whereas the 
best fit parameters of Ref. [S] 
give an exponent ~ 5. The dif- 
ference is also due to the fact 
that the isotopic relations among 
D° and _D~-cross sections are not 
respected in the parametrization 
jH]. This induces very large ef- 
fect in particular in the thresh- 
old region. Note that the calcu- 
lation jHj, which is based on the 
Quark-Gluon String model and 
the Regge phenomenology, is in 
agreement with jl], for a specific 
choice of form factors. 



J/\& production has a specific interest: the production and the propagation of charm 
in ion-ion collisions has been considered as one of the most promising probe of quark- 
gluon plasma (QGP) formation. The suppression of charmonium production in heavy 
ion collisions has been indicated as a signature of QGP [TO], but in order to state the 
evidence of a clear signal, it is necessary to analyze in detail all possible mechanisms for 
J/^f production in ion-ion collisions, and also all other processes which are responsible 
for the dissociation of the produced J/^f meson, such as J/^f + N — > A c + D, for example. 
The knowledge of the elementary process p + N — > p + N + J/ty is very important for a 
realistic calculation of J/\I/ production in nucleus-nucleus collisions. 

In principle, the 'elastic' J/ty production in iVW-collisions can be treated in full anal- 
ogy with processes of light vector meson production. All symmetry properties of the 
strong interaction, such as the Pauli principle, the isotopic invariance, the P-invariance, 
which have been successfully applied to light vector meson production in iViV-collisions 
hold for J/\I/ production, too. A formalism can be built, which is particularly sim- 
plified in the threshold region, where all final particles are produced in 5-state. Simple 
considerations indicate that this region may be quite wide: the effective proton size, which 
is responsible for charm creation, has to be quite small, r c ~ l/m c , where m c is the c- 
quark mass ^2]- Therefore the 5-wave picture can be applied for q < m c , where q is the 
J/ty three-momentum in the reaction center of mass (CMS). In the general case the spin 
structure of the matrix element for the process N + N-^N + N + V is described by a set 
of 48 independent complex amplitudes, which are functions of five kinematical variables. 
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The same reaction, in coplanar kinematics, is described by 24 amplitudes, functions of 
four variables. In collinear kinematics the number of independent amplitudes is reduced 
to 7 and the description of this reaction is further simplified in case of threshold l^-meson 
production, where all final particles are in S-state. 

Applying the selection rules following from the Pauli principle, the P-invariance and 
the conservation of the total angular momentum, it is possible to prove that the threshold 
process p + p — > p + p + V° is characterized by a single partial transition: 

St = 1, U = 1 -> J P = 1- -> Sf = 0, (4) 

where Si (Sf) is the total spin of the two protons in the initial (final) states and 4 is the 
orbital momentum of the colliding protons. In the CMS of the considered reaction, the 
matrix element corresponding to transition (j3J) can be written as: 

Mipp) = 2/io(x2 a y a-U*x k X i) {xhy xt), (5) 

where Xi an d Xi ( X3 an d Xi) are the two-component spinors of the initial (final) protons; U 
is the three- vector of the ^/-meson polarization, k is the unit vector along the 3-momentum 
of the initial proton; /i is the S-wave partial amplitude, describing the triplet-singlet 
transition of the two-proton system in V-meson production. 

In case of rap-collisions, applying the conservation of isotopic invariance for the strong 
interaction, two threshold partial transitions are allowed: 

s i = \,i i = \ -> j p = i -> s f = o, St = o, i { = i -> j p = r ^ s f = i, (6) 

with the following spin structure of the matrix element: 

M(np) = /i (x2 cr y a-U* x %xi) (xl°y xl) + /oi(Xa ° y Xi)(x\° • U* x ka y xt). (7) 

Here / i is the S-wave partial amplitude describing the singlet-triplet transition of the 
two-nucleon system in V-meson production. In the general case the amplitudes fio and 
/oi are complex functions, depending on the energies E, E' and E v , where E, (E 1 ) and E v 
are the energies of the initial (final) proton and of the produced V— meson, respectively. 

Note that fio is the common amplitude for pp- and np-collisions, due to the isotopic 
invariance of the strong interaction. This explains the presence of the coefficient two 
in Eq. (J3J). All dynamical information is contained in the partial amplitudes /oi an d 
/xo, which are different for the different vector particles. Some polarization phenomena 
show common characteristics, essentially independent from the type of vector meson. 
For example, vector mesons produced in pp- and np-threshold collisions are transversally 
polarized, and the elements of the density matrix p are independent from the relative 
values of the amplitudes / i an d /io : Pxx = P yy = |, Pzz = 0. 

All other single spin polarization observables, related to the polarizations of the initial 
or final nucleons, identically vanish, for any process of V— meson production. The depen- 
dence of the differential cross section for threshold collisions of polarized nucleons (where 
the polarization of the final particles is not detected) can be parametrized as follows: 

^,A) = (^) (i + AA-A + AS-^-A), (8) 
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where P\ and P 2 are the axial vectors of the beam and target nucleon polarizations, and 
cLu is the element of phase-space for the three-particle final state. The spin correlation 
coefficients A\ and A2 are real and they are different for pp- and np- collisions: 



• p + p 

• n + p 



p + p + V : Ai{pp) = 0, A 2 (pp) = 1. 
■ n + p + V°: Ai(np) 



1/01 


2 


1/01 


2 + 1/10 


2 



A 2 (np) 



1/10 


to 


1/01 


2 + 1/10 


2 



with the following relations —A\{np) + A2{np) = 1 and < A2 (np) < 1. 

Defining 1Z as the ratio of the total (unpolarized) cross section for np- and pp- collisions, 
taking into account the identity of final particles in p + p~^p + p + V°, we find: 



n 



a(np -> npV°) _ 1 1 |/ i| 
a (pp^ppV°)~ 2 2|/ 10 | 



and = — 1 + 



1 



(9) 



Similar expressions for the polarization transfer from the initial neutron to the final proton 
can be given in terms of the partial amplitudes /01 an d fio- 

One can show that the most probable mechanism to describe the threshold dynamics 
of J/^-production in NN-collisions is meson exchange in t-channel, with J p = + (scalar 
mesons) and J p = 0~ (pseudoscalar meson). 

For the exchange of one meson, ir, p or n, one finds that only one amplitude enters in 
the cross section, and the observables take definite values (Table 1). 
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Table 1: Numerical values of the isotopic ratio and single spin polarization observables 
for 7r, rj or a exchange. 

If one considers the exchange of two mesons, n + 77, for example, one can still express 
the observables in terms of a parameter, r, which characterizes the relative role of n and 
rj exchange and contains coupling constants, propagators and kinematical factors: 



g V NN h 



in 



t 



QttNN h\ n \t — m 2 rj ) 

The single spin polarization observables in n + p^n + p + V° and the ratio 1Z of the 
total cross section for n + p- and p + p-collisions can be written as a function of r as: 



9 + Q1ler+ \r\ 2 
'2(h + 2Ke r+ |r| 2 )' 



Vi = 



3 - 2TZe r - \r\ 2 
h + 2TZer+ Irl 2 ' 



K = 



5 + 2TZe r + 


r 


2 




1-r 


2 



(10) 



where h lr) (hi n ) is the partial amplitude which describes the threshold spin structure for 
the subprocess n°*(n*) + N — > V° + N at threshold. 

In order to make an estimation of the cross section, one can compare and J/\P 
production, in framework of a model based on p exchange. One finds that 



a(pp — > ppcj)) ~ 206 



Q 

0.1 GeV 



nb 



5 



and 



a(pp -> ppJ/^f) ^ 9.7 • 10" 



Q 



F(t J/q ,)/F(t^) 



nb 



.0.1 GeV 

This value is too small, when compared with the existing experimental value for the lowest 
y/s = 6.7 GeV, namely <J exp (pp — > ppj/^f) = 0.3 ± 0.09 nb. To explain this discrepancy, 
one can note that the p-exchange model for <j(itN — > J/^f) gives a cross section one order 
of magnitude smaller in comparison with other possible theoretical approaches |T3*llTH lTo]. 

Another possibility is to take F{tj/-$)/ F{t<j/) 
J /iff — cc-system must have a smaller size in comparison with 
realized by the following form factor: 



10, which can be plausible, because the 
= ss. This can be 
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The cross section, based on Eq. (JTTJl normalized the the experimental point at yfs = 

r i 2 

6.7 GeV, i.e., taking the ratio F(tj/^)/ F{t<p) = 10, is plotted in Fig. 2, together with 
the experimental data from the compilation [16J, where different symbols differentiate 
J /iff production in pp or extrapolated from pA collisions. Note, that, for r real and ~ 0, 

1 one finds for the isotopic ratio, 
7Z = 5, which would require a cor- 
rection of the experimental data 
on pA reactions, where equal np 
and pp cross sections are usually 
assumed for the extraction of the 
elementary cross section. The re- 
actions of J /ty production in pp 
and np collisions present very dif- 
ferent characteristics concerning: 
the number of independent partial 
transitions, the spin structure of 
the threshold matrix elements, the 
value of the absolute cross sections 
and the polarization phenomena. 

All these differences are generated 

10 20 30 40 50 60 by a common mechanism: the dif- 
ferent role of the Pauli principle 
for pp and pn collisions in the near 
the threshold region. 
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Fig. 2 Cross section for J/ip production in pp colli- 
sions. Data are from |16| . 

The experimental determination of the ratio of the total cross sections for np and ppcollisions 
is very important for the identification of the reaction mechanism. 



4 7-nucleon collisions 

We give here model independent considerations for the reaction 7 + p — > A+ +15°, where 
the spins involved are 1 + 1/2— >• 1/2 + 0. In collinear kinematics, due to the conservation 
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of the spin projection, the collision of 7 and p with parallel spins cannot take place for 
collinear regime. Therefore, the asymmetry in the collision of circularly polarized photons 
with a polarized target, takes its maximum value. This result holds for any process of 
pseudoscalar and scalar meson photoproduction on a nucleon target (if the final baryon 
has spin 1/2) and it is independent on the P-parity of produced meson. It is a model 
independent result, based uniquely on the assumption of the spins of the particle, the 
conservation of helicity in collinear kinematics, and applies also to the threshold region, 
for any angle. 

One can suggest a model independent method to determine the parity of the charmed 
mesons, more exactly, the relative P(NA C D) parity. We will use the standard parametriza- 
tion |17, of the spin structure for the amplitude of pseudoscalar meson photoproduction 
on the nucleon: 



M( 1 N^Y c D c ) = xl 



ia ■ efi + a ■ qa ■ k x ef 2 + ie- qa ■ kf s + ia ■ qe ■ qf 4 



Xu (12) 



where k and q are the unit vectors along the three-momentum of 7 and D c ; /j, 2=1,4 are 
the scalar amplitudes, which are functions of two independent kinematical variables, the 
square of the total energy s and cos$, where $ is the P c -meson production angle in the 
reaction center of mass (CMS) with respect to the direction of the incident photon, xi 
and X2 are the two-component spinors of the initial nucleon and the produced Y" c -baryon. 
Note that the pseudoscalar nature of the P c -meson is not experimentally confirmed up 
to now, therefore Eq. (fT2"j) corresponds to the prescription of the quark model for the 
P-parities of D c and Y^-charm particles. 

It is possible to derive in a model independent way, that for the reaction 7 + p — > 
A++P°, the triple polarization correlation coefficient is sensitive to P(NA C D). In collinear 
kinematics, the spin structure (|T2"j) reduces to one amplitude, which depends on P(NA C D): 

-'col — <J ejcrt , 

j£? = a-exif^, (13) 

where fj^ is the collinear amplitude for P(NA C D) = ±1. Due to the presence of a 
single allowed amplitude in collinear kinematics, all polarization observables have definite 
numerical values, which are independent on the model chosen for fj^. 

The dependence of the A c polarization on the polarization of the colliding particles 
can be written as: 

-(e ■ e)(A • P 2 ) + 2(e • P x ){e ■ P 2 ), if P(NA C D) = -1, 

(e • e)[(P a • P 2 ) - 20 ■ ■ P*)) ~ 2(e • P 1 ){e ■ P 2 ), if P(NA C D) = +1, (14) 

where Pi and P 2 are the polarization vectors for the initial and final baryons. 

One can see from (|14j). that only the linear photon polarization affects the triple 
polarization correlations in j+p — ► A^+D°, due to the P-invariance of the electromagnetic 
interaction of charmed particles. Let us define the coordinate system for the considered 

collinear kinematics with the z— axis along k and the x— axis along the vector e of the 
photon linear polarization. The correlations ()14j) can be written in such system as: 

-(Px • P 2 ) + 2P lx P 2x = P lx P 2x - P ly P 2y - P lz P 2z , if P{NA C D) = -1, 
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{Pi ■ Pi) - 2P lz P 2z - 2P lx P 2x = -P lx P 2x + P ly P 2y - P lz P 2z , if P(NA C D) = +1. (15) 

From (|15|) one can find a connection between the components of the vectors Pi and P 2 
for the different P(NA C D), assuming, for simplicity, that initially one has 100% linearly 
polarized photons: 

P 2X = +Pl X , P 2 y = ~Ply,P 2z = -Plz, if P(NA C D) = -1, 

P 2x = -Pi*, P 2y = +Pi y , P 2z = -Pi z , if P(NA C D) = +1, (16) 

One can see that both transversal components of the A c -polarization are sensitive to 
P(NA C D), through the relative sign between P 2 i and P^: 

P 2x = -P(NA C D)P 1X} P 2y = P(NA c D)P ly , (17) 

whereas P 2z = —P\ z for any value of P(NA C D). 

Therefore, the relations (|T7|) allow one to determine, in a model-independent way, the 
D— meson P-parity. This model independent result holds for any nucleon photoproduction 
of a spin 1/2 baryon and a spin zero meson. It requires the assumption on P-parity 
conservation in r y + p — > A+ + D° and helicity conservation in the collinear regime. Similar 
arguments apply to the reaction 7 + p — > @ + + K and allow to suggest a method for the 
determination of the parity of pentaquark [T5] . 

The suggested experiment, measuring the triple polarization correlations in 7 + p — > 
A+ + D°, can be in principle realized by the Compass collaboration ^Hj, which has a 
polarized target and where linearly polarized photons can be obtained in muon-proton 
collisions, at small photon virtuality, by tagging the photon through the detection of the 
scattered muon. The A c -polarization can be measured through the numerous weak decays 
of the A+-hyperon, for example A+ — > A + e + + v e [20], which is characterized by a large 
decay asymmetry. In other words, the A c is a self-analyzing particle. 

Eqs. ()17|) show that only the relative sign of the transversal components of the polariza- 
tion of the target proton and the produced A+-hyperon is important for the determination 
of the P(iVA c D)-parity. Therefore such experiment does not need very large statistics, 
only well identified events. The energy of the photon beam has not to be necessarily 
monochromatic. 

The charm particle photo and electroproduction at high energy is usually interpreted 
in terms of photon-gluon fusion, 7+G — * c+c. Near threshold, other possible mechanisms, 
based on the subprocess q + q^G^c + c should also be taken into account. In case 
of exclusive reactions, such mechanism is equivalent to the exchange of a cg-system, in 
t-channel [21]. The mesonic equivalent of such exchange is the exchange by pseudoscalar 
D c and (or) vector D c mesons, in the t-channel of the considered reaction. 

In order to insure the gauge invariance, baryonic exchanges in s- and w-channels have 
also to be taken into account. Due to the virtuality of the exchanged hadrons, in this 
approach, form factors (FFs) are introduced in the pole diagrams. 

The largest cross section on the neutron target belongs to the process 7+n — > YP C + D , 
the D~ production being essentially suppressed. The D~ production is also small in the 
7P interaction, 7 + p — > S+ + + D~ , in agreement with the experiment [22]- Large isotopic 
effects are an expected property of ELA approach, because the relative values of s, u, and 
t-channel contributions are different for the different channels (Fig. HJ). 
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Polarization effects are generally large (in absolute value), characterized by a strong 
cos dependence, which results from a coherent effect of all the considered pole contri- 
butions. 

Large isotopic effects (i.e. the dependence on the electric charges of the participating 
hadrons) are especially visible in the cos ^-distributions for all these observables. 



Fig. 3 Ely-dependence of the to- 
tal cross section for photoproduction 
of charmed particles for model I. The 
curves correspond to different reac- 
tions: j+p — > A++Tf (solid line), 7 + 
p — ► S+ + + D~ (dashed line), 7 + p — > 
£+-KD° (dotted line), 7+n -> A++£>~ 
(dot-dashed line), 7 + n — ► + D~ 
(thick solid line), 7 + n — > £° + Z) 
(thick dashed line). The data corre- 
spond to the total charm photoproduc- 
tion cross section ( [I] and refs. herein) 
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In frame of the considered model, the asymmetry is positive in the whole angular 
region, in contradiction with the predictions of PGF and in agreement with the 
SLAC data |2U 

5 Instead of Conclusions 

This talk is dedicated to Prof. Michail P. Rekalo. The results presented here would not 
have been realized without his deep and wide knowledge in different fields of physics. I met 
him in for the first time in this Hall of the Bogoliubov Laboratory of Theoretical Physics, 
ten years ago. Since then, I could profit of many enthusiastic discussions and of his clear 
explanations. 

Extremely creative, full of ideas, he was always ready to interact with people. Very 
generous in scientific discussions, he had a prompt humour, sometimes very sharp. 

He was able to think deeply and to concentrate on physics. He could focus very quickly 
on the essential aspects of a problem: complicated and difficult questions were suddenly 
made very simple and solvable. 

His absence is an unvaluable loss for our community. 
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